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Section 1.2 describes a single-arm interfer-
ometer invented in our laboratory that has
been used for low power all-optical
switching. We are currently investigating a
switch very similar to the single arm interfer-
ometer, which is based on a fiber (wave-
guide) ring reflector, similar to, yet different
from, the ring reflector demonstrated by the
group at British Telecom.2 In our research,
we have shown that the fiber ring reflector is
an excellent candidate for soliton switching
and for producing squeezed light.3 Conse-
quently, since any experiments limited by
quantum noise (i.e., detector shot noise)
must take into account the quantum proper-
ties of light, we have become interested in
developing a self-consistent quantum theory
1 NEC, Japan.
2 N.J. Doran, K.J. Blow, and D. Wood, Proc. SPIE 836:238-243 (1987).
3 J.D. Moores, K. Bergman, H.A. Haus, and E.P. Ippen, "Optical Switching Using Fiber Ring Reflectors," submitted
for publication; H.A. Haus, K. Watanabe, and Y. Yamamoto, "Quantum-Nondemolition Measurement of Optical
Solitons," J. Opt. Soc. Am. B 6:1138-1148 (1989); Y. Lai and H.A. Haus, "Characteristic Functions and Quantum
Measurements of Optical Observables," J. Quant. Opt., forthcoming; M. Shirasaki and H.A. Haus, "Squeezing of
Pulses in a Nonlinear Interferometer," J. Opt. Soc. Am. B7(1): 30-34 (1990).
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for optical solitons.4 The promise of a simple
squeezing mechanism using optical pulses in
fibers has also kindled our interest in devel-
oping a fiber gyro that would operate at a
noise level below the standard quantum limit
shot noise.
The fiber ring is one realization of a fiber ring
gyro utilizing the Sagnac effect. Unfortu-
nately, the ring cannot be used directly as a
gyro with squeezed noise, because the noise
that is in phase with the Sagnac signal is not
reduced below the vacuum level. However,
our theory predicts that a cascade of two
rings, one as a squeezer and one as a gyro,
can be made to perform at a level below the
standard quantum limit. Ongoing exper-
iments should determine whether squeezing
is achieved in the ring. The squeezing
process is broadband so that pulses can be
used in the experiments. Nonlinearity is
enhanced because the duty cycle enhances
peak power. Through our experiments, we
need to identify the several classical sources
of noise that could prevent squeezing.
1.2 Picosecond Optical Signal
Sampling
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The goal of our work is to develop optical
waveguide devices for high rate all-optical
switching. This objective involves develop-
ment of (1) analytical and computer tools for
the characterization of optical waveguide
properties and (2) computer programs for
describing optical pulse interactions and for
experimentally verifying their predicted per-
formance.
Through our pioneering work, we have
achieved a better understanding of coupling
modes theory and prediction of crosstalk in
waveguide couplers.5 Our paper on this
subject was selected for publication in an
IEEE volume of reprints on optical couplers.
Along with our work on coupled mode
theory, we have clarified the theory of
transfer of power in grating assisted
couplers6 and have developed a self-
consistent theory for tapered couplers.7 In
addition, we have developed simple com-
puter programs for the IBM PC that charac-
terize optical waveguide modes.8 In
cooperation with Dr. Donnelly of MIT
Lincoln Laboratory, we continued the work
by Dr. L. Molter Orr, who was supported by
the preceding National Science Foundation
grant while working on her Ph.D. at MIT.
This research has led to an improved under-
standing of the crosstalk problem in wave-
guide couplers.9
4 Y. Lai and H.A. Haus, "Quantum Theory of Solitons in Optical Fibers. I. Time-Dependent Hartree
Approximations," Phys. Rev. A 40:844-853 (1989); Y. Lai and H.A. Haus, "Quantum Theory of Solitons in
Optical Fibers. II. Exact Solution," Phys. Rev. A 40:854-866 (1989); H.A. Haus and Y. Lai, "Quantum Theory of
Soliton Squeezing - A Linearized Approach," J. Opt. Soc. Am. B 7(3): 386-392 (1990).
5 H.A. Haus, W.P. Huang, S. Kawakami, and N.A. Whitaker, "Coupled-Mode Theory of Optical Waveguides," J.
Lightwave Tech. LT-5:16-23 (1987).
6 W.P. Huang and H.A. Haus, "Power Exchange in Grating-assisted Couplers," J. Lightwave Tech. 7:920-924
(1989).
7 H.A. Haus and W.P. Huang, "Mode Coupling in Tapered Structures," J. Lightwave Tech. 7:729-730 (1989); W.P.
Huang and H.A. Haus, "Selfconsistent Vector Coupled-Mode Theory for Tapered Optical Waveguides," J.
Lightwave Tech., forthcoming.
8 H.A. Haus, W.P. Huang, and N.M. Whitaker, "Optical Waveguide Dispersion Characteristics from the Scalar Wave
Equation," J. Lightwave Tech. LT-5:1748-1754 (1987).
9 J.P. Donnelly, L.A. Molter, and H.A. Haus, "The Extinction Ratio in Optical Two-Guide Coupler Al switches," J.
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All-optical switching and all-optical logic
gates require that the output of gates and
switches are reasonably undistorted versions
of input pulses. We have demonstrated an
all-optical switch with a record low
switching intensity of 0.5 W and with a very
low distortion of the switched out pulse.10
We achieved the low switchout power by
using a long propagation distance through
an optical fiber. The switch, invented in our
laboratory by a visiting Japanese researcher,
is interferometric, using a single fiber and
two orthogonally polarized versions of the
pulse that interfere with each other. One of
the two pulses is acted upon by a control
pulse. Because only a single fiber is used,
the interferometer is stable even when con-
siderably long (i.e., 100 m). Modifications of
the switch into integrable form will be fea-
sible, when sufficient nonlinearities have
been realized in semiconductor waveguides.
1.3 Nonlinear Dynamics in
Active Semiconductor
Waveguides
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We have continued our study of carrier
dynamics and nonlinear optical interactions
in active semiconductor waveguide devices.
Using 100-fs-duration pulses in the
800-900 nm regime obtained by fiber com-
pression of synch-pumped dye laser pulses
and similar pulses in the 1.45-1.65-um band
from APM F-center lasers, we are investi-
gating nonlinear dynamic behavior in both
GaAIAs and InGaAsP devices under various
excitation conditions. Varying the wave-
length of the pump and probe beams, as well
as injection current in our diode waveguide
structures, we are studying interactions in the
presence of gain, loss, or nonlinear transpar-
ency. In all of these cases, an injected carrier
density on the order of 1018/cm 3 makes the
nonlinear optical behavior considerably dif-
ferent from that observed in passive devices.
In both GaAIAs and InGaAsP devices, we
have discovered a strong nonlinearity due to
nonequilibrium carrier heating. Heating of
the carrier gas with respect to the lattice has
a recovery time on the order of 1 ps in
GaAIAs and 650 fs in InGaAsP. Since
heating occurs via free electron absorption
without a change in carrier number, recovery
is complete. During the past year, we have
documented gain and loss dynamics, which
include two-photon absorption and hole-
burning effects in addition to heating in a
variety of different devices. In our present
experiments, we are observing the index of
refraction changes associated with these
nonlinearities and evaluating their potential
for use in all-optical switching.
During 1989, we have also demonstrated a
novel means for detecting nonlinear optical
interactions in the active regions of diodes by
monitoring changes in diode voltage. The
forward bias voltage is measured as a func-
tion of time delay between two pulses
passing through the active region. The result
is a nonlinear autocorrelation measurement
that, when compared with optical pump-
probe data, allows us to distinguish between
those interactions involving carriers in the
active region and other interactions.
Quant. Electron. 25:924-932 (1989); J.P. Donnelly, H.A. Haus, and L.A. Molter, "Cross Power and Crosstalk in
Waveguide Couplers," J. Lightwave Tech. 6:257-268 (1988).
10 M.J. LaGasse, D. Liu-Wong, J.G. Fujimoto, and H.A. Haus, "Ultrafast Switching with a Single-Fiber Interfer-
ometer," Opt. Lett. 14:311 -313 (1989).
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1.4 Saturation Characteristics
of Semiconductor Optical
Amplifiers
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Although in the future optical amplifiers will
be essential components of optical communi-
cation networks and integrated photonic cir-
cuits, very little is known about their
nonlinear behavior. We need to improve our
understanding of this behavior to properly
evaluate the gain saturation and intermodu-
lation distortion effects limiting device per-
formance. In our laboratory, we have studied
amplifier characteristics as a function of
pulse duration and energy in the nonlinear
regime. We have also developed an analyt-
ical model to describe the observed behavior.
In our experiments, we have been the first to
observe pulsewidth-dependent gain in diode
laser amplifiers. We have obtained data by
measuring amplifier gain (output pulse
energy/input pulse energy) as a function of
input pulse energy. At low input energies,
the amplification of ultrashort (100 fs) pulses
is the same as that for longer (20 ps) pulses.
As energy increases, however, the gain for
the 100-fs pulses decreases more rapidly
than that for the 20-ps pulses. This effect,
observed at 1.5 ym in both conventional and
quantum-well quaternary devices, results in a
3-db roll-off for the 100-fs pulses at an
output energy that is about a factor of ten
lower than that for the longer pulses.
We have modeled this behavior with a
system of coupled differential equations that
includes changes in gain due to nonequilib-
rium carrier distributions. The standard set of
two equations describing the coupling
between photon density and excited state
carrier density is supplemented by a third,
and in some cases a fourth, equation that
represents the faster nonequilibrium dynamic.
The time constant of this dynamic determines
the pulsewidth at which gain roll-off occurs.
The parameters of the model are consistent
with results from time-resolved pump-probe
experiments performed on the same devices.
We have obtained excellent agreement with
the observed saturation data. This model
predicts that a more rapid sequence of fem-
tosecond pulses should be able to extract full
energy. Although individual ultrashort pulses
are restricted to lower gains, gain recovery
between them is faster.
1.5 Femtosecond Studies of
Metallic and High T.
Superconductors
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Femtosecond pump-probe observations of
reflectivity dynamics on metal surfaces
provide a unique measure of nonequilibrium
electron dynamics. Because of the high
electron density, incident optical energy is
absorbed directly by the electron gas. The
resulting rise in electron temperature
produces a dynamic change in reflectivity.
Relaxation of this change occurs as the elec-
trons lose energy to the lattice via phonon
emission. The rate is governed by the
electron-phonon coupling strength.
We have begun to systematically study the
strength of electron-phonon coupling, an
important component in BCS theory of
superconductivity, in collaboration with Pro-
fessor M. Dresselhaus' group. In a series of
experiments, we measured 2{w2 for ten dif-
ferent metals (four of them supercon-
ducting). The agreement between the values
obtained with those described in the litera-
ture was excellent. In addition, our method
for measuring A2{w 2}, the temperature relaxa-
tion rate, has several advantages over other
techniques such as tunneling or heat
76 RLE Progress Report Number 132
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capacity measurements because it: (1) is a
direct measurement, (2) works at room tem-
perature, and (3) can be applied to non-
superconducting as well as superconducting
samples. We have also demonstrated that
thin overlayers of Cu, which has d-band
transitions in the visible, can enhance the
experimental reflectivity changes on metals
which are otherwise too small to detect. This
enhancement extends the method for use
with any metal film.
We have also performed a series of pump-
probe and transmission experiments on three
high-To thin films: YBa 2Cu307 - ,
Bi2Sr 2CaCU208+x, and Bi2Sr 2Ca 2Cu30 10+y. In
these materials, too, we have observed a
strong correlation between observed relaxa-
tion rates and T, . At present, there is no
clear theoretical explanation for these results.
We are performing additional experiments to
improve our understanding of the observed
correlation.
1.6 Suppressed and Enhanced
Spontaneous Emission from
Microcavities
Sponsor
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Contract DAAL03-89-C-0001
Project Staff
Hiroyuki Yokoyama, Stuart D. Brorson, Professor
Erich P. Ippen
Optical microcavities could prove useful in
the construction of efficient, high speed
semiconductor lasers. One particularly inter-
esting possibility is using a cavity to alter the
spontaneous emission rate of the device.
This alteration has been observed with atoms
and molecules. However, altering the emis-
sion rate in a semiconductor device is more
difficult because the broad spontaneous
emission bandwidth requires cavity dimen-
sions on the order of a wavelength. To
determine its potential application in semi-
conductor devices, we have analyzed the
radiation modes of oscillating dipoles in
planar (one-dimensional confinement) and
optical-wire (two-dimensional confinement)
structures. When we used a mode counting
method equivalent to, but less complex than,
traditional classical and quantum electro-
dynamical approaches, we found that an ide-
alized planar metallic mirror cavity could
suppress the spontaneous emission with
respect to free space by no more than a
factor of two. Emission was suppressed to a
lesser degree with use of a real dielectric
stack. Theory shows, however, that we
could achieve greater suppression by
restricting the dimensionality to that of the
optical wire. Then, enhanced spontaneous
emission should be easier to observe. With
GaAs quantum-well cavities fabricated at
NEC, Dr. Yokoyama observed reductions in
the luminescence times by factors of two due
to cavity effect. We have recently achieved
femtosecond up-conversion detection of
spontaneous emission from these structures
and we are now attempting to observe more
dramatic reductions with multiple-quantum-
well structures grown at MIT by Professor
Clifton G. Fonstad's group.
1.6.1 JSEP Publications
Ippen, E.P., H.A. Haus, and L.Y. Liu. "Addi-
tive Pulse Mode Locking." J. Opt. Soc.
Amer. B 6(9): 1736-1745.
Ippen, E.P., L.Y. Liu, and H.A. Haus. "Self-
starting Condition for Additive-pulse
Mode-locked Lasers." Opt. Lett. 15(3):
183-185 (1990).
Kesler, M.P. and E.P. Ippen. "Femtosecond
Time-Domain Measurements of Group
Velocity Dispersion in AIGaAs Diode
Lasers." Electron. Lett. 25(10): 640-641
(1989).
Nelson, K.A. and E.P. Ippen, "Femtosecond
Coherent Spectroscopy." Advances in
Chemical Physics. Vol. 75 (1989).
Mark, J., L.Y. Liu, K.L. Hall, H.A. Haus, E.P.
Ippen. "Femtosecond Pulse Generation in
a Laser with a Nonlinear External
Resonator." Opt. Lett. 14(1): 48-50
(1989).
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1.7 New Ultrashort Pulse Laser
Technology
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1.7.1 Introduction
Development of new ultrashort pulse laser
technology is the cornerstone for studies of
ultrafast phenomena and high speed optical
measurement and communication tech-
niques. In the area of ultrashort pulse gener-
ation and measurement technology, we are
developing new techniques to extend the
range of applications and resolution of
ultrafast studies. In particular, development
of tunable wavelength femtosecond sources
is important for a wide range of spectro-
scopic as well as optoelectronic device
studies. High repetition rate femtosecond
amplifier technology permits the generation
of high peak intensities for the study of non-
linear optical effects. Finally, our research
places special emphasis on developing new
solid state laser materials and diode pumping
techniques. These developments could rep-
resent next generation technology, ultimately
replacing existing dye laser systems to yield
more compact and viable short pulse sources
suitable for a wider variety of engineering
applications.
1.7.2 Tunable Femtosecond Ti:AI203
Laser
Solid state lasers provide an attractive alter-
native to existing ultrashort pulse dye laser
technology. Working in collaboration with
researchers at MIT Lincoln Laboratory, we
have developed a novel ultrashort pulse gen-
eration modelocking technique in the
Ti:A1203 laser." Ti:A1203 is a promising new
solid state laser material which features room
temperature operation, high energy storage,
and a broad tuning range of 670 nm to 1000
nm. The broad gain bandwidth of this mate-
rial make it ideal for femtosecond pulse gen-
eration and amplification. In addition, the
tuning range is especially useful for the study
of GaAs-based electronic and optoelectronic
materials and devices.
Our ultrashort pulse generation technique is
an extension of a pulse shortening technique
developed in color center lasers known as
additive pulse modelocking (APM). 12
However, in the Ti:A1203 laser, modelocking
is achieved without the need for active gain
or loss modulation. This self-starting addi-
tive pulse modelocking results in a significant
reduction in the system cost and complexity
since high frequency active modulation is not
required for the laser system. Extending this
technique to other laser materials holds the
promise of developing a compact and low
cost ultrashort pulse laser technology suit-
able for commercial application.
The self-starting additive pulse modelocking
technique uses an external cavity which con-
tains an optically nonlinear medium (a length
of optical fiber). The nonlinear external
cavity functions resemble a nonlinear Fabry
Perot. The reflectivity of the Fabry Perot is a
function of the relative cavity lengths or
phase of the optical field. Since the optical
fiber has a nonlinear index of refraction, the
reflectivity of the Fabry Perot is intensity
11 J. Goodberlet, J. Wang, J.G. Fujimoto. and P.A. Schulz, "Femtosecond Passively Mode-locked Ti:A120 3 Laser
with a Nonlinear External Cavity," Opt. Lett. 14:1125-1127 (1989).
12 P.N. Kean, X. Zhu, D.W. Crust, R.S. Grant, N. Langford, and W. Sibbett, "Enhanced Mode Locking of Color-Center
Lasers," Opt. Lett. 14:39-41 (1989); K.J. Blow and D. Wood, "Mode-Locked Lasers with Nonlinear External Cav-
ities," J. Opt. Soc. Am. B 5:629-632 (1988); J. Mark, L.Y. Liu, K.L. Hall, H.A. Haus, and E.P. Ippen, "Femto-
second Pulse Generation in a Laser with a Nonlinear External Resonator," Opt. Lett. 14:48-50 (1989); E.P. Ippen,
H.A. Haus, and L.Y. Liu, "Additive Pulse Mode Locking," J. Opt. Soc. Am. B 6:1736-1745 (1989).
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dependent. If the relative cavity lengths are
controlled appropriately, the nonlinear cavity
will function like a fast saturable absorber to
enhance intensity fluctuations in the laser.
This produces the pulse formation process.
The additive pulse modelocked laser incorpo-
rates an all-optical switch in the form of a
nonlinear Fabry Perot which produces pulse
shortening. Alternatively, this system can be
viewed as the analog of an RF or microwave
feedback system, except that the feedback is
nonlinear, operating at optical frequencies.
Figure 1 shows a schematic diagram of the
Ti:A1203 laser. In Ti:A120 3, pulses as short as
1.4 ps have been generated directly from the
laser with pulse durations of 200 fs obtained
by externally compensating for chirp.
During the past year, we have studied the
starting dynamics of the ultrashort pulse for-
mation process and the scaling behavior of
the laser system and performance. This
research is relevant to extending the short
pulse generation technique to other solid
state laser materials at other wavelengths as
well as to higher and lower power solid state
lasers.
1.7.3 Diode Pumped Modelocked
Nd:YAG Lasers
During preliminary studies in collaboration
with investigators at MIT Lincoln Laboratory,
we demonstrated the extension of this short
pulse generation technique to a diode
pumped Nd:YAG laser. 13 Other studies at RLE
by Professors Ippen and Haus have achieved
short pulse generation in a lamp pumped
Nd:YLF laser. Results suggest that self-
starting additive pulse modelocking can be
applied to a range of solid state laser mate-
rials.
The diode pumped Nd:YAG laser combines
the advantages of diode pumping which
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offers high inherent stability, compactness,
and low cost with the technique of additive
pulse modelocking which has a simple
design and especially short pulse generation.
We have achieved a pulse width of 1.7 ps,
which is the shortest pulse generated to date
in a modelocked Nd laser. Preliminary meas-
urements show that this system has excellent
interpulse arrival time or phase stability,
making it a suitable source for optoelectronic
diagnostic studies that require synchroniza-
tion of optical and electronic signals.
One of the key features of this technology is
that the laser power and repetition rate can
be scaled up or down. The extension of
diode pumped self-starting additive pulse
modelocking to lower output powers would
permit development of extremely compact
short pulse sources. Since the cavity length
can be varied, this approach provides a
method for obtaining variable pulse repetition
rates. The development of compact short
pulse sources could prove useful for a
number of commercial applications including
high speed optoelectronic sampling measure-
ments and device diagnostics as well as pos-
sible applications for high speed signal
processing using optical techniques.
13 J. Goodberlet, J. Jacobson, J.G. Fujimoto, P.A. Schulz, and T.Y. Fan, "Self Starting Additive Pulse Modelocked
Diode Pumped Nd:YAG Laser," Opt. Lett., forthcoming.
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1.7.4 Multistage Femtosecond Dye
Amplifier
While solid state laser systems are an impor-
tant area of investigation for the next gener-
ation of ultrashort pulse laser technology,
current measurement technology is based on
dye laser systems and amplifiers. We are
investigating new laser generation and high
repetition rate amplification techniques for
studying ultrafast phenomena, placing
special emphasis on development of a multi-
stage, high repetition rate, dye amplifier. The
amplifier has a modular construction and may
be easily configured for a variety of tasks.
The ultrashort pulse source for our system is
a colliding pulse modelocked ring dye laser
(CPM).' 4 This laser produces 50 fs pulses at
620 nm wavelength. The wavelength is not
tunable because the laser is passively
modelocked. The output of the CPM is
amplified using a copper vapor laser pumped
dye amplifier.15 The copper vapor laser oper-
ates at a repetition rate of 8 kHz which facili-
tates the use of signal averaging and lock-in
detection techniques for high sensitivity
measurements.
We have developed a new multistage copper
vapor laser pumped dye cell amplifier
system.16 The compact, multistage design
allows the amplifier to be easily configured
for advanced short pulse generation tech-
niques. In comparison with earlier designs,
we have improved its efficiency and exper-
imental convenience while keeping the
overall system complexity within manageable
limits.
The high pulse intensity available from just
one stage of amplification (2-3 microjoules)
permits use of nonlinear optical techniques
to generate wavelength tunable pulses in the
near infrared. After the first amplification
stage, the femtosecond beam is focused in a
cell of flowing water to generate a
broadband continuum. A single wavelength
may be selected from this continuum and
amplified using an infrared dye in the second
stage.
We are also currently investigating a third
configuration which will produce com-
pressed amplified pulses with pulse durations
shorter than 20 fs. In this arrangement, a
short single mode optical fiber is placed after
the first stage of amplification. This
increases bandwidth of the pulses because of
self-phase modulation. After a second stage
of amplification, the pulses can be com-
pressed with a dispersive delay line or phase
filter.
Thus, the high repetition rate amplifier forms
the basis for a wide range of studies of
ultrafast phenomena. Using nonlinear con-
tinuum generation techniques, the system
provides a wavelength tunable source. For
very high time resolutions, we can apply
pulse compression techniques, achieving 20
fs measurement resolutions.
1.8 Ultrafast Processes in
Waveguide Devices
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14 J.A. Valdmanis, R.L. Fork, and J.P. Gordon, "Generation of Optical Pulses as Short as 27 Femotseconds Directly
from a Laser Balancing Self-Phase Modulation, Group-Velocity Dispersion, Saturable Absorption, and Saturable
Gain," Opt. Lett. 10: 131-133 (1985).
15 W.H. Knox, M.C. Downer, R.L. Fork, and C.V. Shank, "Amplified Femtosecond Optical Pulses and Continuum
Generation at 5 kHz Repetition Rate," Opt. Lett. 9: 552-554 (1984).
16 M. Ulman, R.W. Schoenlein, and J. G. Fujimoto, "Cascade High Repetition Rate Femtosecond Amplifier," Paper
FR3, presented at the Annual Meeting of the Optical Society of America, Orlando, Florida, October 15-20, 1989.
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1.8.1 Optical Switching and
Nonlinear Index in GaAs and MQW
Waveguides
Femtosecond investigations of bandedge
nonlinear dynamics in guided wave devices
are directly relevant to the development of
high-speed all-optical switches. Our group
has recently developed a novel technique for
nonlinear index measurements. This tech-
nique uses time division multiplexing to
perform high resolution transient interfero-
metric measurements on a nonlinear index.
This approach reduces contributions from
thermal and acoustic artifacts which tradi-
tionally limit interferometric measurements.
The system can detect phase shifts as small
as 2/1000.17
For studies in semiconductor devices, we
took measurements using a synchronously-
pumped, tunable femtosecond dye laser
system. Using the dye Styryl 9, we obtained
430 fs pulses in the wavelength range 780
nm to 880 nm. We performed systematic
studies to characterize the nonlinear response
in AIGaAs ridge waveguide devices.'8 We
took the first direct measurement of the
wavelength dependence of the instantaneous
nonlinear index in this semiconductor. The
results show values of n2 in the range of
10-12cm/W. Femtosecond time-resolved
studies permit us to separate the real from
the virtual contributions to the nonlinear
index.
In one area of our investigation, we study
new materials for all-optical switching.
Other materials we are currently investigating
include multiple quantum well (MGW) GaAs
waveguides. After performing preliminary
measurements of femtosecond nonlinear
effects, we are now in the process of system-
atically characterizating the wavelength
dependence of the nonlinear index as well as
its linear optical properties.
A second material system of interest to us is
nonlinear optical polymers. We have recently
begun studies in collaboration with investi-
gators at Bell Communications Research to
characterize the nonlinear index and absorp-
tion behavior in polydiacetelene waveguides.
Nonlinear optical polymers are a rapidly
emerging research area, and the combination
of Bellcore's unique materials growth and
fabrication capabilities with our capabilities
in femtosecond optics will permit state-of-
the-art studies to be performed.
1.8.2 Time Domain Optoelectronic
Diagnostics
Femtosecond dye laser systems as well as
future generation Ti:A120 3 solid state laser
systems can provide a tunable source of fem-
tosecond pulses in the near IR wavelength
range. This technology can form the basis
for a wide range of diagnostics in optoelec-
tronic devices. Diagnostics of optical wave-
guide devices can be divided roughly into
two catagories, measurement of nonlinear
and linear properties.
As discussed in the previous section, high
peak intensities associated with short pulses
can be applied to study nonlinear index or n2
effects in waveguide devices. In addition,
other nonlinear effects such as two photon
absorption can also be important in wave-
guide devices. We have measured the two-
photon absorption coefficient /# in GaAs
waveguide devices. Since two-photon
absorption produces excited carrier popu-
lations, this is an important limiting process
for almost any application requiring high
intensities in a waveguide.
In addition to nonlinear properties, we can
also develop time domain techniques to
measure linear absorption, group velocity,
and dispersion. Since femtosecond pulse
durations have a spatial extent which is less
than the cavity round-trip of most waveguide
devices, the transient linear response can be
measured. For example, if a short pulse is
17 M.J. LaGasse, K.K. Anderson, H.A. Haus, and J.G. Fujimoto, "Femtosecond All-Optical Switching in AIGaAs
Waveguides Using a Single Arm Interferometer," Opt. Lett. 14:314 (1989).
18 M.J. LaGasse, K.K. Anderson, C.A. Wang, H.A. Haus, and J.G. Fujimoto, "Femtosecond Measurements of the
Nonresonant Nonlinear Index in AIGaAs," Appl. Phys. Lett. 56:417 (1990).
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injected into the waveguide, the pulse will be
reflected internally within the device and
several echoes will be emitted corresponding
to multiple round-trip paths through the
device. Using a cross-correlation technique,
the time resolved behavior of the echoes can
be measured. The decay of the echoes con-
tains information about the facet reflectivity
and absorption of the device. The delay time
or time of flight between the echoes gives
the group velocity dispersion. Finally, meas-
urements performed as a function of wave-
length permit us to characterize absorption
versus wavelength and group velocity
dispersion. We have used GaAs passive
waveguide devices to demonstrate these
techniques.
By extending techniques further, we should
be able to measure a wide range of optoelec-
tronic device properties. With development
of more compact and cost effective solid
state tunable wavelength femtosecond lasers,
a time domain optoelectronic diagnostic
technology can become a viable alternative
to continuous wave and other diagnostic
approaches currently used for device charac-
terization.
1.9 Image Potential and
Electron Dynamics in Metals
Sponsors
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An improved
dynamics in
semiconductor
understanding of electron
metals and at metal-
interfaces is necessary for the
development of high speed electronic
devices. Semiconductors and metals are the
major constituents of devices. As device
speeds increase with the advent of new high
electron mobility and quantum transport
effects in semiconductors, dynamic processes
in metals will also become an important
factor in affecting device performances.
Since the density of electrons in metals is
high, nonequilibrium processes and excited
state dynamics occur extremely rapidly.
Femtosecond optical measurement, with its
high sensitivity and ultrafast temporal resol-
ution, provide one of the few techniques for
directly measuring dynamical processes in
metals.
We have continued our investigation of the
transient dynamics of image potential states
in metals. The image potential state has
been a topic of recent active investigation in
surface science. Image potential occurs
when an electron, excited from the surface of
a metal, is bound to its image charge in the
bulk.19 The electronic states form a Rydberg-
like series somewhat analogous to a two-
dimensional electron gas in semiconductor
quantum wells. Because the electronic
wavefunction is maximized outside the metal
surface, scattering processes are reduced,
and the electron relaxes by tunneling from
the image potential state to bulk states.
Thus, the image potential state provides an
important model system for investigating
electron dynamics in metals.
Working in collaboration with researchers
from General Motors Research Laboratories,
our previous investigations combined femto-
second pump-probe spectroscopy with
photoemission techniques to directly
measure, for the first time, the lifetime of an
image potential state in a metal. 20 In our
studies, ultraviolet femtosecond pulses are
used to populate the image potential states.
The image potential dynamics are probed by
photoemitting electrons out of these levels
with a visible femtosecond pulse delayed in
19 D. Straub and F.J. Himpsel, "Identification of Image-Potential Surface States on Metals," Phys. Rev. Lett.
52:1922-1924 (1984).
20 R.W. Schoenlein, J.G. Fujimoto, G.L. Eesley, and T.W. Capehart, "Femtosecond Studies of Image-Potential
Dynamics in Metals," Phys. Rev. Lett. 61:2596 (1988).
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time. The energy spectrum of the
photoemitted electrons is measured with a
cylindrical mirror analyzer. This approach
has allowed us to map the population of
image potential states as a function of both
time and electron energy. Studies performed
on the the surface of Ag(100) revealed an
n = 1 image potential lifetime of 15-35 fs,
representing one of the highest time resol-
ution transient photoemission measurements
ever made.
To test theoretical models for image potential
electron dynamics, it is important to system-
atically study different states in the Rydberg
series using different metal surfaces. For the
image potential state to be long-lived, the
image potential energy must occur in a range
where there is a gap of bulk states. The
image potential electron must be confined in
the potential barrier outside the metal from
the crystal lattice by Bragg reflection. In this
case, the image potential state relaxes by ine-
lastic scattering. Conversely, if a different
metal surface is examined where the image
potential is resonant with allowed bulk
states, then the dominant relaxation channel
is elastic scattering with electronic states in
the bulk.
We have continued our earlier measuring
efforts to examine the n = 1 and n = 2 image
potential dyanmics in Ag (100) and
Ag(111).21 These experimental results can
help explain differences in theoretical models
based on simple single partical wavefunction
analysis versus many-body effects. The
image potential state has well defined
quantum properties, providing an attractive
model system for studying electronic
quantum effects in metals.
1.10 Laser Medicine
Sponsors
Massachusetts General Hospital
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National Institutes of Health
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1.10.1 Heterodyne Ranging for
Opthalmic Diagnostics
The ability of excimer lasers to remove
corneal tissue in submicron increments has
led to interest in lasers in keratorefractive
surgery. In this technique, the curvature or
refractive power of the cornea is altered
surgically to achieve refractive correction of a
person's vision without glasses. To exploit
the potential for micron-precision ablation
control available with laser surgery requires a
precise method for monitoring the incision
depth. Previously, we had developed a fem-
tosecond optical ranging technique for meas-
urement of corneal incision depth.22 This
technique is analogous to those used in radar
or ultrasound except that short pulses of light
are used to perform precise measurements of
distance. Using this technique in corneal
and intra-ocular surgery, distances in the eye
can be measured noninvasively, i.e., without
contact with the eye. Although this tech-
nique has achieved high sensitivity measure-
ment performance, it required use of
ultrashort pulse femtosecond lasers, and thus
has limited potential for clinical applications.
Our recent research has focused on develop-
ment of an alternate technique employing a
short coherent length light source
(AR-coated laser diode) and optical hetero-
dyne detection to perform optical ranging.
This method achieves measurement with lon-
gitudinal and transverse resolutions (10 ym
21 R.W. Schoenlein, J.G. Fujimoto, G.L. Eesley, and T.W.
Metals: n = 2," Phys. Rev. B 41:5436-5439 (1990).
Capehart, "Femtosecond Image-Potential Dynamics in
22 D. Stern, W.Z. Lin, C.A. Puliafito, and J.G. Fujimoto, "Femtosecond Optical Ranging of Corneal Incision Depth,"
Inv. Ophthal. Vis. Sci. 30:99-104 (1989).
Chapter 1. Optics and Quantum Electronics
and 7 ym) and sensitivity to reflected signals
as small as 1 part in 1010 (100 dB SNR).
The technique uses a Michelson interfer-
ometer that gives interferometric signals only
when the two arms of interferometer are
matched within the coherence length of the
light source.2 3 The compactness and low
power (7 MW incident power) of the light
source greatly enhances the practicality and
safety of the device for clinical applications.
Measurements of corneal thickness, corneal
incision depth, and corneal-lens distance
were demonstrated. The technique was suf-
ficiently sensitive to detection of scattered
light from within the cornea and the detec-
tion of fluid-cornea boundaries in fluid-filled
incisions. Other potential diagnostic applica-
tions include measuring retinal thickness and
monitoring of intraocular laser ablations.
1.10.2 Ultrashort Pulse Laser Tissue
Interactions
Laser induced optical breakdown using ultra-
short laser pulse has recently achieved wide-
spread clinical use in ophthalmic laser
surgery for the incision of transparent eye
structures.24 Current clinical systems employ
either Q-switched nanosecond pulses or
modelocked picosecond pulse trains. The
use of single picosecond or femtosecond
pulses can result in more precise incisions
with reduced collateral damage. Allowing
for the use of less energetic pulses, shorter
pulse duration lowers the threshold energy
for optical breakdown.
We have performed optical breakdown
studies with single 40 ps Nd:YAG laser
pulses. Using time resolved measurement
23 R.C. Youngquist, S. Carr, and D.E.N. Davies, "Optical
ation Technique," Opt. Lett. 12:158 (1987).
techniques, we made a comprehensive study
of the temporal and spatial dynamics of the
plasma formation, shock wave, and
cavatation processes that accompany optical
breakdown. 25 Tissue effects were investigated
using the corneal endothelium in vitro.26
Comparison of tissue effects with physical
measurements suggests that endothelial cell
damage is mediated by shock wave and
cavitation processes, while incisions confined
to the focal region of the laser beam are pro-
duced by the laser-induced plasma. System-
atic studies were performed to determine the
energy scaling behavior of the tissue effects
and to quantify the minimum "safe" distance
for clinical photodisruption near sensitive
structures. Tissue damage range was found
to vary with the cube root of the pulse
energy. Picosecond and nanosecond optical
breakdown results in comparable damage if
the same amount of energy is involved. The
minimum damage range of 100/pm was
achieved with 8/MJ picosecond pulses.
We have also studied laser-tissue interactions
in the femtosecond regime using an ampli-
fier, colliding pulse modelocked ring dye
laser. We used retinal injury studies to inves-
tigate laser-tissue interaction mechanisms.
The retina, a highly sensitive structure in
which laser induced injury can be evaluated
ophthalmoscopically as well as histologically,
provides a valuable system for our studies.
Our earlier studies using 80 fs pulses demon-
strated that retinal injury depended on energy
density and not on peak intensities.
However, these results also showed evidence
of a nonlinear damage limiting mechanism.
Only minimal retinal effects were detected for
peak intensities higher than 1011W/cm 2. In
Coherence-Domain Reflectrometry: a New Optical Evalu-
24 F. Fankhauser, P. Roussel, J. Steffen, E. Van der Zypen, and A. Cherenkova, "Clinical Studies on the Efficiency of
High Power Laser Radiation Upon Some Structures of the Anterior Segment of the Eye," Int. Ophthalmol.
3:129-139 (1981); J.J. Aron-Rosa, J. Griesemmann, and R. Thyzel, "Use of the Neodymium YAG Laser to Open
the Posterior Capsule after Lens Implant Surgery: a Preliminary Report," J. Am. Intraocul. Implant Soc. 6:352-354(1980).
25 B. Zysset, J.G. Fujimoto, and T.F. Deutsch, "Time-resolved Measurements of Picosecond Optical Breakdown,"
Appl. Phys. B 48:139-147 (1989).
26 B. Zysset, J.G. Fujimoto, C.A. Puliafito, R. Birngruber, and F.F. Deutsch, "Picosecond Optical Breakdown: Tissue
Effects and Reduction of Collageral Damage," Laser in Surgery Med. 9:193-204 (1989).
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contrast to laser injuries produced by longer
pulses, exposures of more than 100 times
threshold did not produce a significant
increase in lesions or hemmorrhaging.27 In
the context of previous retinal injury studies,
this result was very surprising.
Research showed that laser pulses with
intensities greater than 1012W/cm 2 cannot be
transmitted through the transparent media of
the eye because of the presence of nonlinear
optical effects such as self-focusing and con-
tinuum generation. Since nonlinear damage
limiting effects do not occur with propa-
gation of laser pulses in gases, we performed
lensectomy, vitrectomy, and total air-fluid
exchange in eighteen rabbit eyes. In some
eyes, fibrin membranes were created adjacent
to the retinal surface so that we could study
the ability of femtosecond pulses to cut these
membranes. We made a total of 222 laser
exposures using pulse energies between 0.6
yJ and 125 yJ and pulse durations of 100 fs
and 1 ps. We used pulse energies of 1 pJ to
10 yJ to cut membranes; histology showed
minimal damage to adjacent neuroretinal
tissue.28
Compared with nanosecond pulses or mul-
tiple pulse modelocked picosecond trains,
single picosecond and femtosecond pulses
permit reduction in breakdown energy thres-
hold, thereby reducing the extent of undesir-
able collateral damage. These results suggest
that picosecond and femtosecond pulses can
be used to develop surgical techniques for
highly localized incisions of intra-ocular
structures.
1.10.3 Ultrashort Pulse Laser
Scalpel
Lasers of different wavelengths, power, and
pulse duration produce drastically different
effects on biological tissue, providing sur-
geons with a wide range of options in laser
surgery. Optical breakdown using single
picosecond laser pulses is a promising
approach for generating highly controlled
incisions of corneal as well as intraocular
structures.
As discussed in the previous section, the
range of tissue damage caused by ultrashort
pulse optical breakdown decreases with
decreasing pulse energy, and shorter pulses
permit initiation of optical breakdown with
lower pulse energy. While the nanosecond
Q-switched pulses currently employed for
intraocular photodisruption produces tissue
damage in the mm range, a 40 ps pulse can
have a damage range as small as 100 pm. 26
We have studied corneal excisions generated
with nanosecond, picosecond, and femto-
second pulses.29 Compared to nanosecond
pulses, picosecond and femtosecond pulses
produced much smoother excision edges and
less damage to the adjacent tissue. Pulses
shorter than 1 ps produced additional strand-
like collateral damage that may be caused by
nonlinear processes other than optical break-
down. Because nonlinear propagation
effects compromise the use of femtosecond
pulse, our studies suggest that pulse dura-
tions in the 1 ps to 100 ps range might be
optimal for constructing a precision laser
scalpel.
To study the optimal pulse duration for a
laser scalpel, we have constructed a solid
state laser system featuring high pulse energy
and variable pulse duration. The system con-
sists of a high power modelocked Nd:YLF
laser, a pulse stretching/compression stage,
27 R. Birngruber, C.A. Puliafito, A. Gawande, W.-Z. Lin, R.T. Schoenlein, and J.G. Fujimoto, "Femtosecond Laser-
Tissue Interactions: Retinal Injury Studies," IEEEJ. Quantum Electron. QE-23:1836-1844 (1987).
28 R. Birngruber, V.P. Gabel, B. Zysset, C.A. Puliafito, J.G. Fujimoto, "Femtosecond Retinal Injury and Membrane
Cutting," Suppl. to Inv. Opthal. and Vis. Sci. 30:372 (1989).
29 D. Stern, R.W. Schoenlein, C.A. Puliafito, E.T. Dobi, R. Birngruber, and J.G. Fujimoto, "Corneal Ablation by Nan-
osecond, Picosecond, and Femtosecond Lasers at 532 and 625 nm," Arch. Ophthalmol. 107:587-592 (1989).
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and a Nd:Phosphate glass regenerative
amplifier.30  Optical pulse compres-
sion/stretching techniques produce variable
pulse duration. A pulse train from the
modelocked Nd:YLF laser is first sent
through a long optical fiber. Frequency
dispersion and self-phase modulation in the
fiber produce a linear frequency chirp and
stretch the laser pulse, which is subsequently
amplified and compressed by a grating pair.
Varying the distance between the grating pair
changes pulse duration.
This system can produce pulse durations
from 100 ps to 1 ps with energies up to 1
mJ. The laser generation techniques used for
this laser medical system are similar to those
employed for the generation of high bright-
ness laser systems. These systems used
chirped pulse amplification to achieve high
peak intensities with modest pulse energies.
In our program, the development of a vari-
able pulse duration laser for laser medicine
would permit a wide range of studies that
explain the roles of energy versus intensity in
laser tissue as well as photochemical and
photobiological reactions.
1.11 Developmental Status of a
Table-top XUV Laser at 194
Angstrom
Sponsor
U.S. Department of Energy
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Since the first prediction of gain in Sn at
110.5 eV,31 the Ni-like scheme has been used
to experimentally demonstrate gain at 44.8 A
in Ta.32 The requirement of high electron
temperature for high-Z materials over a long
length of plasma required large-scale labora-
tory facilities for laser development in this
wavelength region. One other limitation of a
high-energy laser system is that the repetition
rate is severely limited by thermal time con-
stants of large-scale optical amplifiers.
We have previously shown33 that gain can be
produced at low pump energy in a low Z
medium such as Mo when the medium is
pumped repetitively by a series of short
pulses of nominal 100-ps pulsewidth. In this
case, the electron temperature rapidly rises to
near 300 eV required for populating the
upper laser level. At the same time, Mo is
ionized through the Ni-like stage relatively
slowly. In this transient stage, 3 - 5 cm- 1
gain coefficient is theoretically predicted.
We are working towards demonstration of
the Ni-like Mo laser with a 5-10 J Nd:YLF
oscillator/Nd:phosphate glass amplifier
30 L. Yan, J.-D. Lin, P.-T. Ho, C.H. Lee, and G.L. Burdge, "An Active Modelocked Continuous Wave Nd:Phosphate
Glass Laser and Regenerative Amplifier," IEEE J. Quant. Electron. 24:418 (1988); T. Sizer and I.N. Duling,
"Neodymium Lasers as a Source of Synchronized High-Power Optical Pulses," IEEE J. Quant. Electron. 24:404
(1988); P. Bado, M. Bouvier, and J.S. Coe, "Nd:YLF Mode-Locked Oscillator and Regenerative Amplifier," Opt.
Lett. 12:319 (1987).
31 S. Maxon, P.L. Hagelstein et al., Appl. Phys. Lett., 57:971 (1985).
32 S. Maxon et al., Paper MC.6, LASERS '89, New Orleans, 1989.
33 P.L. Hagelstein, "Short Wavelength Lasers: Something Old Something New," Proceedings of the OSA meeting
on Short Wavelength Coherent Radiation: Generation and Applications, eds. R.W. Falcone and J. Kirz, 1988.
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Figure 2. Nd-YLF oscillator/preamplifier system for the table-top 194-A laser.
system 34 which can be run at a high repe-
tition rate. The pump laser consists of a
mode-locked and Q-switched Nd:YLF laser
producing 70-100 ps pulses at 3.5-ns pulse
to pulse separation (shown in figure 2). Five
pulses from this laser are selectively amplified
in a Nd:glass pre-amplifier to a total energy
of 100 mJ. Subsequent amplification is
carried out in a four-pass Nd:glass slab
amplifier to produce two beams, each deliv-
ering 5 J of total energy.
The width of the gain region is chosen to be
5-10 /um to reduce radiation trapping of the
lower laser level. The high repetition rate of
the XUV laser, which is expected to be 2
ppm, requires a source of multiple targets
and computer controlled alignment. We are
fabricating the gain medium by optical litho-
graphy on Si wafer and on quartz substrate.
A 4-inch long Si strip can accommodate 200
Mo lines of 10 micron width. Five such gain
strips will be installed on a holder which will
be positioned by computer controlled stages
inside the vacuum chamber. The stringent
requirement on plasma uniformity requires a
new gain medium to be positioned in the
center of the line focus to within 5 ,im.
A grazing incidence monochromator will be
used for gain measurement. In addition, we
will use a x-ray pin-hole camera to determine
the plasma size and uniformity. We are in
the process of building a high-resolution
grating monochromator with a fast detector
to investigate the temporal characteristics of
the laser line. A 1-GHz transient digitizer
34 S. Basu, M.H. Muendel et al., Paper QTuD2, "Development of the Tabletop 194 A Laser in Ni-like Mo," Interna-
tional Quantum Electronics Conference, Anaheim, California, 1990.
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will be used to provide 350-ps time resol-
ution.
We will also explore the major advantage of
this repetitively pumped scheme which is the
possibility of multipassing the gain medium
for obtaining saturated XUV laser output.
1.12 Status of Zig-zag Slab
Laser Development
Sponsor
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We have designed a small Nd:glass MOPA
system to use as a driver for an x-ray laser.35
The system will consist of an oscillator and
two-pass preamplifier supplying 100 mJ,
which we have recently installed, and two
zig-zag slab power amplifiers in parallel, each
generating 5 J output. We describe our pre-
liminary design for such a power amplifier in
the 1990 U.S. Department of Energy
Progress Report. 36
In most respects, our design follows those
developed by the High Average Power Laser
group at Lawrence Livermore National Labo-
ratory (LLNL). It differs from them mainly in
that the Livermore designs use long pulses
(5-15 nsec), whereas our design is for short,
mode-locked pulses (100 psec). The
resulting higher intensities cause us consid-
erable difficulty with potential damage by
nonlinear self-focusing. Our slabs are forced
to be proportionately shorter and wider than
Livermore slabs, and apodizing, spatial fil-
tering and image relaying must be done. For
longer pulses, our design will be able to
handle considerably more energy than the
5 J specification. Also, since we are using a
MOPA configuration rather than a regenera-
tive amplifier, the successive passes must
each go through different regions of the
slabs. Finally, since for x-ray lasers and
similar plasma experiments the target must be
replaced and realigned on each shot, the
repetition rate can be relatively low (once
every ten seconds). This fact allows us to air
cool the slabs, avoiding the problem of
finding suitable water-resistant coatings for
the slab faces.
An overview of the proposed system appears
in figure 3. The zig-zag stands vertically,
supported by its edges. It is pumped by four
water-cooled linear flashlamps in a reflecting
cavity and is cooled by air flowing down
across its faces. The laser beam makes four
passes lengthwise through the slab, using
total internal reflection to zig-zag across the
slab thickness.
The system can be divided logically into a
number of subsystems, including electronics
(triggering and firing circuitry), flashlamps
and reflectors, glass slabs, air-cooling system,
mechanical support, and optics for multiple
passes. The triggering and firing circuitry has
been built and tested successfully. The glass
slabs have been cut (Schott APG-1), pol-
ished (Wild Leitz AG of Switzerland), deliv-
ered, and tested optically. The flashlamps are
in and the reflectors have been cut and
silver-coated. The mechanical support struc-
ture has been machined and the air-cooling
system has been delivered.
We will shortly be in a position to test the
first laser head to see whether the design
specifications have been met, and begin
work on the multiple pass optics. Our goal is
to complete the system and return student
and laser system from LLNL to MIT to begin
laser-plasma experiments.
35 M.H. Muendel and P.L. Hagelstein, "High Repetition Rate, Tabletop X-ray Lasers,"
Electro-optics and Laser Applications in Science and Engineering, January 1990.
Proc. OE-Laser 90: Optics,
36 M.H. Muendel and P.L. Hagelstein, "Design Notes for a Short-Pulse Nd:Glass Slab Amplifier," DOE Progress
Report, January 1990.
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Figure 3. Zig-zag amplifier system.
1.13 Whisper Gallery Mirror
Design
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In the event that we are able to obtain ampli-
fication during the coming year, we would
install a laser cavity and take advantage of
feedback. Currently, the state of the art in
any laser cavities is relatively primitive by
optical laser standards; this is primarily due
to the short lifetime of gain the EUV and soft
x-ray regimes and the difficulty of fielding
high quality optics in a "dirty" laser plasma
environment. Our solution to this is to use a
burst of driver-laser pulses to power our
amplifier, such that gain would be available
every few nanoseconds and the short wave-
length radiation would have time to travel to
relatively distant mirrors and return.
We are studying cavities based on both
multilayer mirrors and whisper gallery mirrors.
The efficient use of whisper gallery mirrors in
the EUV is challenging due to the unusual
nature of the radial cavity modes. The sim-
plest possible design of a stable spherical
whisper gallery cavity leads to a radial mode
that is poorly matched to the laser amplifier
(it is too small). Modifications in geometry
promise to improve the coupling, and we
have explored several ideas on how to do
this. Ultimately we hope to obtain a single
mode laser, and from our studies to date, we
feel that this will be difficult, but not impos-
sible.
The problem of whisper gallery mirror design
using geometries other than spherical or
cylindrical is challenging, primarily because
there seems to be little guidance from pre-
vious efforts as reported in the literature.
The problem is that in order to match the
mode size to the amplifier, very enlongated
mirrors must be employed. The modes need
a substantial segment of relatively low curva-
ture mirror to expand before reaching the
plasma amplifier, and then a second
enlongated structure to compress before
turning a corner. A schematic of this type of
mirror is given in figure 4.
Figure 4. Cavity having an elongated geometry in
order to increase size of low-order modes.
The design of this type of mirror requires
obtaining solutions to the Helmholtz
equation
[V2 + k2 ]E(r) = 0
subject to the boundary conditions appro-
priate to the mirror surface. The modes can
apparently be studied using perfectly con-
ducting boundary. The surface for an inter-
esting whisper gallery mirror has transverse
and longitudinal radii of curvature which vary
around the perimeter, which is to say that the
geometry is highly nontrivial and not
describable in terms of elementary coordinate
systems.
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We have obtained a paraxial model which is
applicable near the mirror surface.37 The
modes are found to evolve according to
2i a u( l, 2, S)
as
a 2
2 2 + (W1 , 2, S) U( 1 , 2' S)0 2
where the field is related to the mode
through
E(r) = ilEou( 1, '2, s)eiKS
and where , and 2 are coordinates normal
and transverse relative to the surface, respec-
tively. The variable s measures the
pathlength along a geodisic. The potential
w( 1, 2, s) is found to be
2 2
(, ,s)= 2 - k2 2k k 2R (s) R R  (s)RT(S)
valid above the surface (1, > 0) Below the
surface w( 1, 2, s) is infinite. The parameters
R(s) and RT(S) are the normal and transverse
radii of curvature, respectively.
In the limit that the mirror surface has con-
stant curvature, this model is solvable analyt-
ically in terms of Airy functions in (, and
Hermite Gaussians in 2, which corresponds
to known limits for exact solutions in simple
geometries.
Due to the analogy to quantum mechanics, it
is possible to view the mode evolution as the
time evolution of a wavefunction in a two-
dimensional potential well, where the well is
parabolic in 2 and linear for positive 1,
above zero. In essence, the average motion
is like a pendulum transversely and like a
basketball bouncing on pavement horizon-
tally. The average height of the mode above
the surface satisfies approximately the non-
linear equation
d 2 < 2 C
ds 2  1 < 1 >3 R(s)
where C evaluates to 8.986. The mirror is
adiabatic when the inertial term can be neg-
lected, in which case
< 1 >adiabatic = 0.481 [A2R(s)] /3
which corresponds to the known limit for the
lowest whisper gallery mode.
The mirror geometry for a design which is
optimized to have the greatest rate of change
of normal surface curvature, but remains
adiabatic has been found to be a spiral.38 The
use of spiral segments to construct an
enlongated mirror is currently being consid-
ered for our short wavelength laser project.
Further effort is underway to consider non-
adiabatic mirror designs.
1.14 Polarizing Cavities for the
Extreme Ultraviolet
Sponsor
U.S. Department of Energy
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Project Staff
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One of the interesting features of whisper
gallery mirrors in the EUV is their ability to
polarize radiation. The effect is weak and
amounts to about 10 percent discrimination
per pass between TE and TM radiation.
Motivated by this observation, we have
examined the more general question of how
to obtain a higher degree of polarization in
an EUV laser cavity.
37 J.P. Braud and P.L. Hagelstein, "Whisper Gallery Mirror Modes," to be submitted to IEEE J. Quantum Electron.
38 J.P. Braud, "Adiabatic Whisper-Gallery Mirrors for EUV and Soft X-ray Laser Cavities," Proceedings of Lasers'
89, New Orleans, December, 1989.
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Improved polarization can be obtained using
a multilayer polarization as suggested by
Lee 39 and demonstrated by Khandar and
Dhez. 40 A design of such a reflector can
provide TE polarization at about 97 percent
at 45 degrees as shown in figure 5. Based
on this effect, a wide range of polarizing EUV
laser cavities are possible; a number of cavity
geometries are shown in figure 6.41
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Figure 5. Reflection and polarization predicted from an EUV reflective polarizer.
39 P. Lee, Opt. Comm. 43(4): 237-241
(1985).
(1982); P. Lee, R. Bartlett, and D.R. Kania, Opt. Eng. 24(1): 197-201
40 A. Khandar and P. Dhez, "Applicatons of Thin-film Multilayered Structures to Figured X-ray Optics," Gerald F.
Marshall, ed., Proc. SPIE 563:158-163 (1985);. A. Khandar, P. Dhez, and M. Berland, "Multilayer Structures and
Laboratory X-ray Laser Research," Natale M. Ceglio, Pierre Dhez, ed., Proc. SPIE 688: 176-183 (1986).
41 J.P. Braud, "Laser Cavities and Polarization Optics for Soft X-rays and the Extreme Ultraviolet," Appl. Phys. B, in
press.
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Figure 6. Geometries for polarizing cavities.
1.15 Unstable Resonators for
XUV Lasers
Sponsor
U.S. Department of Energy
Grant DE-FG02-89-ER14012
Project Staff
Dr. Santanu Basu, Professor Peter L. Hagelstein
Stable resonators with multilayer optics have
been used with XUV laser systems at 131 A
and at 206.3 A in Ne-like Mo and in Ne-like
Se lasers respectively.42 We investigate pos-
sible applications of unstable resonators as
efficient means of generating collimated
output from XUV laser systems. 43 The study is
motivated by the possibility that unstable
resonator geometry can produce diffraction
limited laser output and it can overcome the
limit of low output coupling of multi-layer
optics which are used in stable resonators in
this wavelength region.
The resonator design is suited for an 194 A
Ni-like Mo laser which has been described
separately in this report and is illustrated in
figure 7. A confocal negative branch
unstable resonator is chosen to match the
50-100 micron diameter gain region of 1-cm
length. The resonator consists of two multi-
layer mirrors42  deposited on concave
substrates having radii of curvature of 42 cm
and 63 cm. The cavity length of 52.5 cm
provides a round trip time of 3.5 ns to match
the pulse to pulse separation of the pump
laser. The repetitively pumped Ni-like Mo
laser allows flexibility in resonator design and
reduces the possibility of mirror damage by
the plasma debris. The resonator is designed
with a magnification of 1.5 which corre-
sponds to an output coupling of 55.5
percent.43 The output coupling in an unstable
resonator is large and adjustable as compared
to a multi-layer beam splitter output coupler
which has typically low transmission.42 In a
high gain laser system such as in a XUV
laser, large output coupling should give
better extraction efficiency. The output
mirror of 42-cm radius of curvature is
designed to be of 1-mm diameter which
gives an equivalent Fresnel number of 31 and
a diffraction angle of 20 prad. One beneficial
effect of using a negative branch unstable
resonator for this laser is the large angular
tolerance of the output mirrors which is cal-
culated to be 0.8 mrad, which is greater than
a positive branch output coupler for the same
output coupling and cavity length.
42 N. Ceglio, J. X-ray Sci. Tech. 1 (1):7 (1989).
43 S. Basu and P.L. Hagelstein, "Unstable resonators for XUV lasers," Paper CThO6, Conference on Lasers and
Electro-Optics, Anaheim, California, 1990.
92 RLE Progress Report Number 132
Chapter 1. Optics and Quantum Electronics
Figure 7. Schematic of a negative branch confocal
unstable resonator for 194-A laser.
The fabrication procedure for an unstable
resonator will involve growing a multi-layer
mirror on a 42-cm radius of curvature
concave mirror substrate and cutting out a
1-mm diameter section. The 1-mm diameter
mirror is to be mounted on a 1-mm diameter
rod to form the output coupler of the
unstable resonator. The gain medium will be
placed at the common focal point of the end
mirrors.
1.16 Advances in Conjugate
Gradient Algorithm
Development
Sponsor
Lawrence Livermore National Laboratory
Subcontract B048704
Project Staff
Sumanth Kaushik, Professor Peter L. Hagelstein
We described a new algorithm for the com-
putation of level populations in x-ray laser
simulations in last year's RLE Progress
Report, and during the twelve months since
that time we have improved the algorithm as
we shall outline here.
Although our immediate application is x-ray
laser simulations, the algorithm is applicable
44 S. Kaushik and P.L. Hagelstein, "The Application of the Preconditioned Conjugate Gradient Algorithm to Rate
Matrix Equations," J. Comp. Phys., forthcoming.
45 S. Kaushik and P.L. Hagelstein, "The Application of Conjugate Gradient Methods to NLTE Rate Matrix
Equations," Applied Physics B, forthcoming; S. Kaushik, and P.L. Hagelstein, "The Application of the Method of
Generalized Conjugate Residuals to NLTE Rate Matrix Equations," submitted to J. Comp. Phys.
to the rather generic stiff and conservative
rate equation problem described by
d x(t) = R(x, t).x(t)
where x(t) is an N-component vector con-
taining the level populations and R(x,t) is the
corresponding rate matrix. Straightforward
linearization and application of the backward
Euler discretization leads to
[I - AtRn]x n+ l = xn
When the coupled equations are stiff (when
the relaxation times are short), the linear
matrix problem has been found to be difficult
to solve efficiently. The application of relax-
ation techniques and conjugate gradient
methods to this problem has yielded little or
no advantage over direct Gaussian elimi-
nation previous to our efforts.
As reported in last year's Progress Report, we
succeeded in applying the preconditioned
biconjugate gradient algorithm4 4 to a reduced
version of the linear system (if the system is
conservative, then one level is superfluous
since it can always be found by subtracting
the sum of the other level populations from
the total). The resulting problem is of the
form
A*x = b
where A is an (N -1)x(N -1) nonsym-
metric matrix and where x contains level
populations for all the levels except the one
that was eliminated.
We have improved upon the preconditioned
conjugate gradient algorithm for this reduced
problem through the application of a modi-
fied and preconditioned version of the gener-
alized conjugate residuals algorithm.4 5 This
algorithm is given by
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r0oU - 1 L-1 r0o
po 0 Ap
pT k(A(LU) -)T rk
k  = Tyk
Yk*Yk
Xk+1 = Xk + 'XkPk
rk+1 = rk - kYk
Pk+1 = (L*U) - r k+ l
Yk+1 = A*Pk+l
(YT .Yk+1)y kI =) for I= (0,1, ... k)
TyI 'YI1
Pk+1 = Pk+1 - IP
Yk+1 = Yk+1 -AlY
The number of floating point operations
(including additions and multiplications)
required to solve a linear system by this new
algorithm is
NPGCR % (4N + 2fN2 + 2mN 2)-k + 2Nk(k + 1)
where f is the fill factor, k is the number of
iterations, and m is the number of nonzero
off-diagonal components in the precondi-
tioning matrix. This is to be compared with
the preconditioned biconjugate gradient
algorithm, which requires
NPBCG ? (9N + 4fN2 + 4mN2)k
operations and with Gaussian elimination,
which requires
Gauss 2
The operation count estimates are in good
agreement with our implementations, and
k=0
for k = (1, 2, ... k)
this new algorithm is currently the most effi-
cient one proposed to date for this type of
problem.
1.17 Frequency Upconversion
of Extreme UV Radiation
Sponsor
U.S. Department of Energy
Grant DE-FG02-89-ER14012
Project Staff
Martin H. Muendel, Professor Peter L. Hagelstein
With the advent of laser sources in the EUV
and soft x-ray regimes, it becomes of interest
to consider the extension of optical laser
techniques and applications to shorter wave-
lengths. In general, nonlinear optical phe-
nomena have been of great interest and
importance to laser physicists; the prospect
of frequency mixing in the EUV is of special
interest to our group, both for the eventual
production of a bright tunable coherent
source for applications, and for the prospect
of achieving shorter wavelength radiation
through doubling.
Unionized matter is highly absorbing in the
EUV. Efficient frequency conversion in the
EUV requires low loss, and we have con-
cluded that a low density plasma will prob-
ably be most conducive to the mixing
process. This conclusion immediately rules
out frequency doubling since parity selection
rules cannot be satisfied in isolated ions
which are found in such plasmas.
Our approach is therefore to study four-wave
mixing, in which two EUV beams are com-
bined with an intense third optical beam to
generate harder EUV radiation at roughly
double the frequency of the initial EUV
beams. Since it is unlikely that ions can be
found with two connected transitions at the
same energy (to within a few linewidths), it
may not be practical to carry out four-wave
mixing experiments with only one EUV laser
and one optical laser. Our choice of ion was
initially motivated by the hope of developing
a scheme in which only a single EUV laser
frequency would be required.
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Figure 8. Schematic of K IX energy levels and the
four-wave mixing.
The process which we have studied46 is the
four-wave mixing which produces (04 gener-
ated from
(04 = 01 + 02 - 03,
where a, and (02 are x-ray laser photons with
roughly equal energies, or possibly the same
energy, and (03 is an optical laser photon.
This difference process is used rather than
the straight sum process because in posi-
tively dispersive media such as plasmas, only
difference processes can be noncollinearly
phasematched. As we shall demonstrate, the
conversion rates are sufficiently low to
regime phasematching, unless very high
x-ray laser intensities are achieved; and of
the various phasematching schemes only the
1.24 eV
1.26 eV
7S 7-- 
64.50 eV
64.47 eV
4S
129.96 eV
130.43 eV
(
x
O3 1 -( 1 + 0 2 ) -iF 3 1 )
1
041 - (01 + 02 - 03) - iF41
where only the resonance denominators rele-
vant for (01'(02>03 have been retained. Here
oj, is the transition frequency from level i to
level j.
For the case of just one x-ray laser, with
o01 = W2, the nonlinear susceptibility X(3) is
shown in figure 9.
The results of the study indicate that fre-
quency upconversion is somewhat more dif-
ficult in the EUV range than in the optical
regime since x(3) 1/(04 off-resonance. The
difficulty translates practically into a more
stringent requirement on the degree of reso-
nance than needed at longer wavelengths.
Nevertheless, if resonances can be found,
46 M.H. Muendel and P.L. Hagelstein, "Four-Wave Frequency Conversion of Coherent Soft X-rays," to appear in
Phys. Rev. A; M.H. Muendel and P.L. Hagelstein, "Analysis of a Soft X-ray Frequency Doubler," Proceedings of
Lasers 89, New Orleans, Louisiana, December 1989.
47 J.F. Reintjes, Nonlinear Optical Parametric Processes in Liquids and Gases (Orlando: Academic Press, 1984).
6670 eV
67.17 eV
noncollinear type appears feasible in a
plasma medium. Like the sum process, tri-
pling processes also appear difficult to
phasematch.
As an example, we have studied conversion
in a plasma of Na-like K, as shown in figure
8.
The multiphoton transition rates can be cal-
culated straightforwardly using Feynman dia-
grams, and the results are well known.47 The
nonlinear susceptibility is
X(3)( - 04:(01, 02 - (03)
1
3  Y 12 I23 U34 M41 P116h3
x1 1
021 - 01 - 'F21 (21 - 02 - ][21
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Figure 9. Nonlinear susceptibility for 04 = 2w1 - 03
conversion as a function of h,, assuming that
2hwo - hw 3 = 136.40eV. The ion temperature is taken
to be 2 x 105 K.
then efficient frequency conversion should
be possible.
1.18 X-ray Detectors Based on
the Quantum Well Nonlinearity
Sponsor
Lawrence Livermore National Laboratory
Subcontract B048704
Project Staff
Dr. Santanu Basu, Sumanth Kaushik, Cris Eugster,
Professor Peter L. Hagelstein
A design for a novel quantum well based
x-ray detector with good spatial and
temporal resolutions is being investigated.
Potential applications for such a detector are
in areas such as x-ray microscopy, x-ray
holography and diagnostics for laser pro-
duced plasmas.
A modest change in the optical susceptibility
in the vicinity of the exciton absorption lines
in GaAs quantum wells is predicted 48 fol-
lowing the absorption of a single x-ray
photon, which is potentially observable in
the case of a multi-keV photon. At lower
energy, the absorption of many low energy
x-rays within a small area is expected to
produce a sufficiently large number of car-
riers to produce a detectable modulation of
an optical probe signal. Although this point
is relatively straightforward, it has an impor-
tant implication: it allows us now to con-
sider an experiment which will give a
reproducible result exhibiting the
x-ray/optical nonlinearity with certainty.
Previous to this observation, the detectability
of the effect itself was a matter of doubt due
to the marginal signal to noise ratio
expected.
Our initial study is focused on the demon-
stration of the x-ray/optical nonlinearity in a
quantum well device, characterization of the
effect, and evaluation of its potential for use
in a number of detection schemes.
The study is continuing with funding from
Lawrence Livermore National Laboratory.
1.19 A Simple Line Shape
Model for GaAs Multiple
Quantum Wells
Sponsor
Lawrence Livermore National Laboratory
Subcontract B048704
Project Staff
Sumanth Kaushik, Professor Peter L. Hagelstein
We have recently proposed a simple model to
numerically calculate the experimentally
observed line shapes in GaAs multiple
quantum well (MQW) structures.49 The moti-
vation for developing such a model is due in
part to our interest in the design and con-
48 C. Eugster and P.L. Hagelstein, "X-ray Detection Using the Quantum Well Exciton Nonlinearity," IEEE J. Quantum
Electron. 26(1): 75 (1990); C. Eugster, "X-ray Detection Using the Quantum Well Exciton Nonlinearity," M.S.
thesis, Dept. of Elec. Eng. and Comput. Sci., MIT, 1989; S. Kaushik and P.L. Hagelstein, "A Simple Lineshape
Model for GaAs Multiple Quantum Wells," Paper CTuH62, Conference on Lasers and Electro-Optics, Anaheim,
California, 1990.
49 S. Kaushik and P.L. Hagelstein, "A Simple Lineshape Model for GaAs Multiple Quantum Wells," Paper CTuH62,
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struction of an x-ray detector based on
measuring the nonlinear absorption changes
in GaAs quantum wells due to the presence
of the excess carriers created by the absorbed
x-ray photon.5 0 A quantitative understanding
of the line shape, especially as a function of
carrier density and temperature, is very useful
for the design of such a device.
In our model, we cast the absorption in the
form
nondimensional line shape function which is
the convolution of a Lorentzian line shape
(from homogeneous broadening) and a
Gaussian line shape (from inhomogeneous
broadening). R2D is the two-dimensional
Rydberg constant. The non-dimensional
parameter y is the ratio of the inhomoge-
neous linewidth FG tO the homogeneous
linewidth FL = 2 FG/FL. The parameter ao is
given by
h, I 27a_ fine , •l
nL z m0
I< clEp I , h > 2
a(E) =
j=1, h
+ fradx
) 1 2B) 2(E - E i)
(i + 1/2) 3 (F)O) ( ) i)
2'F(x, y)
exp( - 2nr/(E - E - FLx/ 2 )/R2 D)
where the summation is extended over the
light hole (I) and heavy hole (h) bands. The
first term is the excitonic contribution to the
absorption and the second term is the con-
tinuum contribution. The function D is a
1.460 1.470
Energy (eV)
where Lz is the length of the QW, I is the
transverse reduced mass, afine( = e2/hc) is the
fine structure constant mo is the free electron
mass, n is the index of refraction and
< ... > 2 is the momentum matrix element
from the valence band to the conduction
band.
Using available experimental theoretical
values for the exciton binding energies,
linewidths and matrix elements, we have in
figure 10 shown the best fit of our model
20n
1.04
- 1.0
1.440 1.450 1.450
Energy (eV)
1.470 1.480
Figure 10. Plot of absorption vs. energy for the MQW
structure as described by Kaushik and Hagelstein. 49 The
solid line corresponds to the theoretical fit and the
dotted line corresponds to the experimental data.
Figure 11. Plot of nonlinear coefficient vs. energy for
MQW structure as described by Kaushik and
Hagelstein.49 The solid line corresponds to the theore-
tical result and the dotted line corresponds to the
experimental data.
Conference on Lasers and Electro-Optics, Anaheim, California, 1990; S. Kaushik and P.L. Hagelstein, "A Semi-
Empirical Model for Excitonic Absorption in GaAs Quantum Wells." to be submitted to IEEE J. Quantum Electron.
50 C. Eugster and P.L. Hagelstein, "X-ray Detection Using the Quantum Well Exciton Nonlinearity," IEEE J. Quantum
Electron. 26(1): 75 (1990).
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against available experimental absorption
spectrum.
We have extended this simple model to
provide a quantitative description of absorp-
tion as a function of free-carrier density. In
particular, we are interested in determining
the nonlinear coefficient a, = 0al/n.
Density dependence of absorption is intro-
duced by assuming the linewidth and band
gap are functions of density. We use the
binary encounter model from atomic physics
to describe the former and a RPA based
many-body formula for the latter. In figure
11, we plot the results of our calculation. As
can be seen, there is generally good agree-
ment between theory and experiment.
Although the general features of the absorp-
tion spectra of GaAs MQWs has been rea-
sonably well documented in the literature,51
to our knowledge, there has been hitherto no
easily accessible model that can
quantitatively predict the absorption line
shape, especially as a function of carrier
density. We have developed a semi-empirical
model that can quantitatively describe the
observed line shape. The attractive feature of
this model is that it has virtually no free
parameters, and more importantly, it can be
useful for predicting the line shape as a func-
tion of carrier density and temperature
approximately where no experimental data is
available.
51 D.S. Chemla, D.A.B. Miller, P.W. Smith, A.C. Gossard
(1984).
1.20 Coherent Fusion Theory
Sponsor
U.S. Department of Energy
Grant DE-FGO2-89-ER14012
Project Staff
Professor Peter L. Hagelstein
During the year which has elapsed since the
initial announcement of Pons and
Fleischmann 52 claiming the observation of
fusion in an electrolysis cell, there has been
some progress made in clarifying the tech-
nical situation. Those of the scientific com-
munity who remain active in the field can
largely be divided into two groups: skeptics
and proponents.
The skeptics' position is in essence that there
is no anomalous effects observed under con-
ditions described by Pons and Fleischmann,
and that this is supported by several hundred
experiments showing no effect whatsoever.53
Any positive results can be accounted for
either in poor signal to noise ratio, systematic
experimental errors, or through incompe-
tence, fraud or maliciousness. Cold fusion is
considered in this school of thought to be
"pathological science," similar to the
polywater and N-ray affairs of previous years.
The proponents have clarified their position
during the past year. The current claims
include the observation of very substantial
excess heat (reproducible but unpredictable)
with no quantitative observations of fuel
depletion or generation of byproducts, gener-
ation of tritium, and the production of neu-
trons. The claims of excess heat are
and W. Wiegmann, IEEE J. of Quantum Electron. 20: 265
52 M. Fleischmann and S. Pons, J. Electroan. Chem. 261:301 (1989).
53 J.F. Ziegler, T.H. Zabel, J.J. Cuomo, V.A. Brusic, G.S. Cargill, E.J. O'Sullivan and A.D. Marwick, Phys. Rev. Lett.
62:2929 (1989); M. Gai, S.L. Rugari, R.H. France, B.J. Lund, Z. Zhao, A.J. Davenport, H.S. Isaacs, and K.G. Lynn,
Nature 340:29 (1989); N.S. Lewis, C.A. Barnes, M.J. Heben, A. Kumar, S.R. Lunt, G.E. McManis, G.M. Miskelly,
R.M. Penner, M.J. Sailor, P.G. Santangelo, G.A. Shreve, B.J. Tufts, M.G. Youngquist, R.W. Kavanagh, S.E.
Kellogg, R.B. Vogelaar, T.R. Wang, R. Kondrat, and R. New, Nature 340:525 (1989); D. Albagli, R. Ballinger, V.
Cammarata, X. Chen, R.M. Crooks, C. Fiore, M.J.P. Gaudreau, I. Hwang, C. K. Li, P. Linsay, S. Luckhardt, R.R.
Parker, R.D. Petrasso, M.O. Schloh, K.W. Wentzel, and M.S. Wrighton, submitted to J. Fusion Energy (1989);
M.H. Salamon, M.E. Wrenn, H.E. Bergeson, K.C. Crawford, W.H. Delaney, C.L. Henerson, Y.Q. Li, J.A. Rusho,
G.M. Sandquist, and S.M. Seltzer, "Limits on the Emission of Neutrons, Gammas, Electrons and Protons from
Cold Fusion Cells," submitted to Nature (1989).
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supported by high precision closed cell
calorimetry at Stanford,54 SRI,55 ORNL 6 and
Texas A&M, 7 by corrected open cell
calorimetry at Utah, 8 and by numerous posi-
tive observations elsewhere. The claims of
excess tritium are supported by experiments
at Texas A&M, 59 LANL 60 and BARC, 6 1 and by
a lesser number of positive results at other
laboratories. The claim of neutron generation
is supported most strongly by results from
LANL,62 and by a number of other laborato-
ries as well.
What is responsible for the anomolies is
unclear. The hypothesis of the proponents
that DD fusion is somehow occuring seems
unlikely for a number of reasons: no primary
DD fusion reaction products (n, T, y) are
seen quantitatively consistent with the excess
heat; the tritium production is accompanied
by very little neutron production which is
inconsistent with the known tritium/neutron
branching ratio, and is inconsistent with the
secondary yield of neutrons expected from
MeV tritons in deuterium; finally, there has
been no mechanism know to cause DD
fusion under anything remotely like the con-
ditions claimed.
Although a moderate number of explanations
have been proposed to account for the
effects, there is no credible model which can
account even qualitatively to within fifty
orders of magnitude of the effects claimed to
have been observed. The experimentalists
have been attempting to make progress in
the nearly complete absense of any theore-
tical guidance.
Although we do not yet know with complete
certainty whether the effects are actually real,
the positive evidence seems relatively strong.
Stanford's isoperibolic calorimeter has an
accuracy of better than 1 percent and has
seen bursts of heat at levels of 20 to 45
percent. The total closed cell energy gener-
ation is in excess of 20 MJ/mole Pd in a
closed cell system, and it is hard to account
for the results of such careful and relatively
clean experiments through conventional
arguments given to date. That a number of
laboratories report positive heat effects pro-
vides motivation for pursuing a theoretical
model.
The theoretical problem is terribly con-
strained. The observation of heat without
accompanying radiation is unprecedented,
and is almost as difficult to explain as the
effect occuring at all. Tritium production
without secondary neutrons (implying slow
tritons, with a kinetic energy below about 10
54 R. Huggins et al., paper presen
Francisco, December 12, 1989.
reported the production of 1.1 5
able to sustain 8.5 Watts for 275
ted at the Technology and Society Division of the ASME Winter Meeting, San
Huggins described recent experiments that employ closed cell calorimetry, and
MJ in 260 hours in one experiment. He mentioned that in another cell he was
hours.
55 M. McKubre et al., paper presented at the First Annual Cold Fusion Conference, March 1990.
56 C.D. Scott, J.E. Mrochek, E. Newman, T.C. Scott, G.E. Michaels, and M. Petek, A Preliminary Investigation of Cold
Fusion by Electrolysis of Heavy Water. ORNL report TM-11322, November 1989.
57 O.J. Murphy et al., paper presented at the First Annual Cold Fusion Conference, March 1990.
58 S. Pons and M. Fleischmann, J. Fusion Tech., forthcoming.
59 N.J.C. Packham, K.L. Wolf, J.C. Wass, R.C. Kainthla and J. O'M. Bockris, J. Electroanal. Chem. 270:451 (1989).
60 T.N. Claytor, P.A. Seeger, R.K. Rohwer, D.G. Tuggle and W.R. Doty, Tritium and Neutron Measurements of a Solid
State Cel. LANL report LA-UR-89-39-46, October 1989. Presented at the NSF/EPRI workshop on anomalous
effects in deuterated materials, October 16-18, 1989; E. Storms and C. Talcott, Electrolytic Tritium Production,
LANL report LAUR: 89-4138. This work was paper presented at a DOE contractors' meeting in Germantown on
December 6, 1989. Enhancements in the vicinity of a factor of two in tritium levels were observed repeatedly.
61 BARC Studies in Cold Fusion, ed. Srinivasan (Bombay, India: Bhaba Atomic Research Centre, 1989.) The pro-
duction of 190 and 375 Curies of tritium in two experiments is reported.
62 H. Menlove, paper presented at the First Annual Cold Fusion Conference, March 1990.
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keV) eliminates essentially all conventional
binary fusion reactions, and fission reactions
fare no better. The conclusion which can be
drawn from this type of consideration is that
even if the coulomb barrier could somehow
be overcome, the profile of expected reaction
products would be inconsistent with obser-
vation on the heat and tritium. It can be
concluded from arguments of this type that,
if it is real, it is not conventional fusion.
Our present approach to developing a sce-
nario is based on multi-step reactions initi-
ated by electron capture. 63 For example, the
candidate reaction for heat production in our
current scenario
e + d + 2p --+ (2n + ve + 2 p)v
Ve + 2d + 2.05 MeV.
As an incoherent reaction it is easily shown
that this reaction has an utterly negligible
reaction rate. As a coherent reaction, it pre-
sents a number of interesting features. The
electrons in a lattice are described by
extended Bloch wavefunctions, and as such
the electron capture process in a lattice prop-
erly involves the overlap of one electron
orbital with a large number of nucleii. This
provides an intitial basis for looking for col-
lective effects.6 4
Usually electron capture results in the emis-
sion of an energetic neutrino, and it destroys
any possible coherence between neighboring
nucleii. If the neutrino has a very low
energy, and if the neutrino momentum is
equal to the Bloch wave momentum of the
electron, then it can be to shown that many
nucleii can participate coherently in the elec-
tron capture process, through a superradiant
neutrino emission process which is the
analog of Dicke superradiance for photons.
But in order for this to occur, the virtual (off-
shell) neutrons must find their way to
protons (or in general other nucleii) to be
captured, and the excess energy must be
radiated coherently (as opposed to inco-
herent gamma emission). In our scenario, the
neutron wavelengths of interest are very
large, extending over many lattice sites.
S-wave neutron capture on protons would
occur through coherent superradiant mag-
netic dipole transitions. The magnetic
moment for this process is highly favored
over magnetic dipole capture to the ground
state of any other nucleus which we have
found.
We are considering an interesting mechanism
through which the energy is coupled from
the microscopic (nuclear) to the
macroscopic. The magnetic dipole inter-
action can couple a spin-flip transition to a
near-field magnetic field produced by a
nearby current. It may be remarked that
nearly all successful heat-producing exper-
iments have involved current and a coil
around the palladium, which is an inductive
coupling. Due to the mismatch in energy, it
is not possible for a nuclear quantum to be
coupled inductively to a near-linear electrical
circuit. But if the circuit includes a very high
order nonlinearity, such as may be provided
by the electrochemical process itself, then it
may be possible to couple out nuclear energy
on a soft-photon by soft-photon basis. That
the electrochemical process must involve a
very high order nonlinearity can be seen
easily: each gas molecule which is evolved
from the electrochemical dissociation of D20
was generated through the conversion of a
very large number of electrical quanta to a
chemical quantum. The conjecture in this is
that the coupling of an electrical system to a
quantum system occurs through a large
number of paths, and each path has a
dependence on voltage which is step-like.
This mechanism would result in inverse
power law coupling in energy mismatch,
rather than exponential coupling character-
istic of other multi-quanta emission rates.
The overall mechanism can be tested through
monitoring for proton loss in heat-producing
63 P.L. Hagelstein, "Status of Coherent Fusion Theory," Paper TS-4, ASME Winter Meeting, December 1989.
64 P.L. Hagelstein, "Status of Coherent Fusion Theory," Proceedings of the the First Annual Cold Fusion Conference,
March 1990.
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cells. The basic mechanism can also account
for tritium production through
d + e + p + d (2n + ve + p + d)v
-, ve + d + t + 5.89 MeV
The basic mechanism is in agreement with
many of the qualitative features of the exper-
iments reported to date. Numerous basic
physics issues remain to be clarified in regard
to the mechanism, and we recognize that it
may not be correct (the work is speculative,
and we have considered nearly twenty
models total in this effort). If correct, it
implies a number of effects which ought to
follow, including the potential of activating
31P to 32 p, which is radioactive with a 15-day
half-life (virtual neutron capture to the
ground state would occur through a mag-
netic dipole transition, similar to protons and
deuterons).
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